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1. INTRODUCTION {#jane12953-sec-0001}
===============

Pathogens are ubiquitous and represent a driving evolutionary force, in response to which hosts have evolved defence strategies such as resistance and tolerance (Råberg, Graham, & Read, [2009](#jane12953-bib-0045){ref-type="ref"}; Roy & Kirchner, [2000](#jane12953-bib-0051){ref-type="ref"}). If a pathogen successfully circumvents a host\'s barrier defences, the host can resist the infection by clearing the pathogen or by targeting pathogen replication rate (Best, White, & Boots, [2008](#jane12953-bib-0006){ref-type="ref"}). However, the immune system can be costly in terms of resource use or self‐damage (Khan, Agashe, & Rolff, [2017](#jane12953-bib-0020){ref-type="ref"}; Sadd & Siva‐Jothy, [2006](#jane12953-bib-0053){ref-type="ref"}) and the pathogen itself can directly damage the host. In response to these factors, hosts can evolve tolerance, which limits the negative fitness or health effects associated with a given pathogen load, without directly targeting pathogen numbers (Råberg et al., [2009](#jane12953-bib-0045){ref-type="ref"}). These defence strategies can be both plastic and innate, in that their expression is shaped by a combination of the external host environment, host genetic factors and the pathogen itself (Ayres & Schneider, [2008](#jane12953-bib-0003){ref-type="ref"}; Graham et al., [2011](#jane12953-bib-0016){ref-type="ref"}; Howick & Lazzaro, [2014](#jane12953-bib-0018){ref-type="ref"}; Kutzer & Armitage, [2016b](#jane12953-bib-0025){ref-type="ref"}; Råberg et al., [2009](#jane12953-bib-0045){ref-type="ref"}). Therefore, we suggest that it is likely that resistance and tolerance can be shaped by a host\'s previous experience with a pathogen.

Previous (or primary) pathogen exposure can result in immunological memory, where individuals have enhanced protection upon a secondary exposure (hereafter termed challenge) to the same pathogen. Evidence for this phenomenon is found across the animal kingdom (Milutinović & Kurtz, [2016](#jane12953-bib-0034){ref-type="ref"}; Pradeu & Du Pasquier, [2018](#jane12953-bib-0043){ref-type="ref"}), with multiple examples coming from invertebrate taxa (Dhinaut, Chogne, & Moret, [2018](#jane12953-bib-0011){ref-type="ref"}; Kurtz & Franz, [2003](#jane12953-bib-0023){ref-type="ref"}; Moret & Siva‐Jothy, [2003](#jane12953-bib-0036){ref-type="ref"}; Pham, Dionne, Shirasu‐Hiza, & Schneider, [2007](#jane12953-bib-0040){ref-type="ref"}; Pinaud et al., [2016](#jane12953-bib-0041){ref-type="ref"}; Roth, Sadd, Schmid‐Hempel, & Kurtz, [2009](#jane12953-bib-0050){ref-type="ref"}; Sadd & Schmid‐Hempel, [2006](#jane12953-bib-0052){ref-type="ref"}). Here, the phenomenon is often referred to as immune priming (Little & Kraaijeveld, [2004](#jane12953-bib-0030){ref-type="ref"}). The effects of priming can be broad, ranging from coarse specificity (e.g., Boman, Nilsson, & Rasmuson, [1972](#jane12953-bib-0008){ref-type="ref"}; Moret & Siva‐Jothy, [2003](#jane12953-bib-0036){ref-type="ref"}) to highly specific responses that differentiate at the level of bacterial strain (Futo, Sell, Kutzer, & Kurtz, [2017](#jane12953-bib-0013){ref-type="ref"}; Roth et al., [2009](#jane12953-bib-0050){ref-type="ref"}). *Drosophila melanogaster*, the model used in this study, shows some evidence of priming (Boman et al., [1972](#jane12953-bib-0008){ref-type="ref"}; Pham et al., [2007](#jane12953-bib-0040){ref-type="ref"}), although not towards all tested pathogens (Longdon, Cao, Martinez, & Jiggins, [2013](#jane12953-bib-0032){ref-type="ref"}; Pham et al., [2007](#jane12953-bib-0040){ref-type="ref"}). In general, previous pathogen exposure does not always lead to immune priming. Some studies have found no support (González‐Tokman, González‐Santoyo, Lanz‐Mendoza, & Córdoba Aguilar, [2010](#jane12953-bib-0015){ref-type="ref"}; Reber & Chapuisat, [2012](#jane12953-bib-0048){ref-type="ref"}), while others found protection with specific pathogens (Roth et al., [2009](#jane12953-bib-0050){ref-type="ref"}).

Many empirical priming studies use survival readouts as evidence for increased protection. Of 37 insect and crustacean priming studies reviewed by Contreras‐Garduño et al. ([2016](#jane12953-bib-0503){ref-type="ref"}), around 50% assayed survival to understand if previous pathogen exposure confers increased protection. Priming is thought to act by enhancing host resistance, yet pathogen load after challenge is rarely assayed (but see Boman et al., [1972](#jane12953-bib-0008){ref-type="ref"}; Sadd & Schmid‐Hempel, [2006](#jane12953-bib-0052){ref-type="ref"}; Pham et al., [2007](#jane12953-bib-0040){ref-type="ref"}). Furthermore, infections can persist in the insect haemocoel for weeks (Haine, Moret, Siva‐Jothy, & Rolff, [2008](#jane12953-bib-0017){ref-type="ref"}), and although previous exposure can result in dramatic declines in bacteria load after a challenge (Boman et al., [1972](#jane12953-bib-0008){ref-type="ref"}; Pham et al., [2007](#jane12953-bib-0040){ref-type="ref"}), and even eliminate the pathogen in some hosts (Pham et al., [2007](#jane12953-bib-0040){ref-type="ref"}), this is not always the case (e.g., Contreras‐Garduño, Rodriguez, Rodriguez, Alvarado‐Delgado, & Lanz‐Mendoza, [2014](#jane12953-bib-0502){ref-type="ref"}; Rodrigues, Brayner, Alves, Dixit, & Barillas‐Mury, [2010](#jane12953-bib-0049){ref-type="ref"}). The question therefore arises as to whether previous exposure affects pathogen persistence in the longer term.

Given theoretical and empirical work suggesting the costs of immune defence (e.g., Armitage, Thompson, Rolff, & Siva‐Jothy, [2003](#jane12953-bib-0002){ref-type="ref"}; Boots & Begon, [1993](#jane12953-bib-0009){ref-type="ref"}; Kraaijeveld & Godfray, [1997](#jane12953-bib-0022){ref-type="ref"}) and priming in particular (Best, Tidbury, White, & Boots, [2013](#jane12953-bib-0005){ref-type="ref"}; Tate & Rudolf, [2012](#jane12953-bib-0058){ref-type="ref"}), we might expect that increased survival after previous exposure comes with costs. For example, this might manifest itself through life‐history trade‐offs and result in lower host fecundity. Darwinian fitness is comprised of survivorship and reproductive rate. Despite this, reproductive output has rarely been examined empirically in a priming context (but see Contreras‐Garduño et al., [2014](#jane12953-bib-0502){ref-type="ref"}). Indeed, trade‐offs or terminal fecundity investment (Adamo, [1999](#jane12953-bib-0501){ref-type="ref"}) might explain why survival differences are not seen after previous pathogen exposure in some cases.

We and others have demonstrated that the expression of host defence strategies is context‐dependent (reviewed in Kutzer & Armitage, [2016a](#jane12953-bib-0024){ref-type="ref"}). That is, resistance and tolerance will vary as a function of host environmental fluctuations, host genotype and immunopathology (Howick & Lazzaro, [2014](#jane12953-bib-0018){ref-type="ref"}; Jackson et al., [2014](#jane12953-bib-0019){ref-type="ref"}; Kutzer & Armitage, [2016b](#jane12953-bib-0025){ref-type="ref"}; Råberg, Sim, & Read, [2007](#jane12953-bib-0046){ref-type="ref"}; Sternberg et al., [2012](#jane12953-bib-0054){ref-type="ref"}). Given that immune priming also seems to be context‐dependent and plastic, we asked whether priming in *D. melanogaster* acts through resistance or tolerance. Theoretical work suggests that priming can be both resistance‐ and tolerance‐mediated, with tolerance‐based systems being analogous to leaky vaccinations in vertebrate systems (Gandon, Mackinnon, Nee, & Read, [2001](#jane12953-bib-0014){ref-type="ref"}; Read et al., [2015](#jane12953-bib-0047){ref-type="ref"}; Tate, [2017](#jane12953-bib-0056){ref-type="ref"}). Therefore, using different *D. melanogaster* genotypes as our hosts and two bacterial species as our pathogens, we endeavoured to take a multi‐angled perspective on the effects of previous pathogen exposure, addressing how it modulates acute‐phase post‐challenge resistance, fecundity tolerance and immune gene expression, and whether previous exposure affects chronic‐phase pathogen persistence and longer‐term survival. In a first experiment addressing the acute phase after challenge, here defined as 24 hrs post‐challenge, we predicted that: (a) previous pathogen exposure will increase resistance (lower bacteria load) after challenge compared to unprimed individuals; (b) given life‐history trade‐offs, if priming is costly, increased resistance may come at a cost to fecundity tolerance, so that individuals previously exposed to pathogens will have a greater reduction in fitness for a given pathogen load than individuals initially receiving a control injection; and (c) flies with prior pathogen experience will have stronger immune gene expression after challenge than those without such experience. In a second experiment testing the chronic phase after challenge, here defined as 28 days, we predicted that: (d) survival would be higher in flies previously exposed to bacteria; (e) our bacteria species may form persistent infections, and if so, previous exposure would affect infection persistence; and lastly, (f) given that some host genotypes are more likely to become primed than others (Khan, Prakash, & Agashe, [2016](#jane12953-bib-0021){ref-type="ref"}; Portela et al., [2013](#jane12953-bib-0042){ref-type="ref"}), we predicted that the responses in the aforementioned predictions (a--e) may show genetic variation.

2. MATERIALS AND METHODS {#jane12953-sec-0002}
========================

2.1. *Drosophila melanogaster* culture conditions {#jane12953-sec-0003}
-------------------------------------------------

In experiment 1, we used four fly lines (RAL350, RAL367, RAL379 and RAL765) from the *D. melanogaster* genetic reference panel (DGRP; Mackay et al., [2012](#jane12953-bib-0033){ref-type="ref"}). In experiment 2, we used two lines (RAL379 and RAL765). For an overview of the experimental designs, see Figure [1](#jane12953-fig-0001){ref-type="fig"}. The lines were selected based on the results of a previous experiment (Kutzer, Kurtz, & Armitage, [2018a](#jane12953-bib-0026){ref-type="ref"}), where we found that each varied in fecundity and in their capacity to resist bacteria. The stocks were maintained by placing adults onto new food every 2 weeks. All lines were maintained at 25°C and 70% relative humidity on a 12:12‐hrs light--dark cycle, and reared on a standard sugar yeast agar medium (1.5% agar, 5% sugar, 10% brewer\'s yeast, 3% nipagin, 0.3% propionic acid; SYA medium, Bass et al., [2007](#jane12953-bib-0004){ref-type="ref"}). For experiment 1, the procedures described below were repeated six times to produce six experimental replicates, and for experiment 2, they were repeated three times. Treatments within experiments were performed in randomized blocks.

![Experimental designs. (a) The primary exposure (also termed previous exposure) and challenge treatment combinations used for both experiments 1 and 2. Bacteria used for the primary exposure were heat‐killed, whereas those used for challenge were alive. (b) The timelines for experiment 1 and (c) experiment 2](JANE-88-566-g001){#jane12953-fig-0001}

2.2. Experimental animals {#jane12953-sec-0004}
-------------------------

We raised the individuals used in experiment 1, as well as their parents, at constant larval densities as described in Kutzer and Armitage ([2016b](#jane12953-bib-0025){ref-type="ref"}) with the following modifications. Between 300 and 500 individuals from each of the four DGRP lines were placed in embryo collection cages to generate the F1 generation for each replicate. We collected 300--400 larvae for each genotype for both the F1 and F2 generations per replicate following Kutzer et al. ([2018a](#jane12953-bib-0026){ref-type="ref"}). When the F2 generation (i.e., the experimental animals) had eclosed, we allocated 120 virgin females of each genotype into separate vials in groups of 10 and 120 virgin males of each genotype were allocated to vials in groups of 20. Individuals for experiment 2 were raised at constant larval density, but not their parents. We collected 1,100 larvae per replicate for each genotype. Once the adults had eclosed, using CO~2~ anaesthetization, 300 virgin females of each genotype were allocated to separate vials in groups of 10 and 300 virgin males of each genotype in groups of 20.

2.3. Preparation of bacteria for heat killing and primary injections {#jane12953-sec-0005}
--------------------------------------------------------------------

We used *Lactococcus lactis*, a Gram‐positive bacterium, and *Pseudomonas entomophila*, a Gram‐negative bacterium. These species can be considered as opportunistic pathogens. The *L. lactis* strain was isolated from a wild‐caught *D. melanogaster* in State College, Pennsylvania (Lazzaro, [2002](#jane12953-bib-0028){ref-type="ref"}), and the *P. entomophila* strain was isolated from a wild‐caught *D. melanogaster* in Guadeloupe (Vodovar et al., [2005](#jane12953-bib-0059){ref-type="ref"}). Both bacteria have different pathogenicities. *P. entomophila* causes earlier host death when injected at the same dose as *L. lactis*. Aliquots of *L. lactis* and *P. entomophila* were stored in 34.4% glycerol at −80°C. We plated out *L. lactis* (gift from Brian Lazzaro) on lysogeny broth (LB) agar and plated out *P. entomophila* (gift from Bruno Lemaitre) on LB agar containing 1% milk to select for protease positive clones (Neyen, Poidevin, Roussel, & Lemaitre, [2012](#jane12953-bib-0037){ref-type="ref"}) and then incubated the plates for approximately 24 hrs at 30°C. We inoculated 100 ml of sterile LB with four clones of each bacteria species into 500‐ml Erlenmeyer flasks and left the bacteria to grow overnight at 30°C, at 200 rpm. The next morning, we centrifuged the cultures at 2,880 rcf at 4°C for 15 min and then removed the supernatant. The bacteria were washed twice in sterile *Drosophila* Ringer\'s solution (Werner et al., [2000](#jane12953-bib-0061){ref-type="ref"}), heat‐killed at 90°C in a heating block, counted using a Thoma counting chamber, diluted in Ringer\'s solution to 1 × 10^8^ cells/ml (Roth et al., [2009](#jane12953-bib-0050){ref-type="ref"}) and then frozen at −80°C in 1,000 μl aliquots for later use. The heat‐killed bacterial solutions were plated out on LB agar and incubated overnight at 30°C to confirm that no live bacteria were present.

When the virgin females were approximately 4 days old, they were anaesthetized in groups of 10 with light CO~2~ in the early afternoon and then injected on the right lateral side of the thorax with 18.4 nl of either heat‐killed *P. entomophila*, heat‐killed *L. lactis,* or sterile Ringer\'s solution (R) that had been frozen at −80°C, using a Nanoject II (Drummond Scientific). These primary exposure injections yielded a dose of approximately 1,840 heat‐killed bacteria per fly. We plated out each heat‐killed bacterial aliquot after injection to check for contamination and to ensure that we had not introduced any live bacteria into the flies. We checked survival 6 days after injection on the day of mating for each replicate. The survival of each of the six replicates between the primary exposure and mating was unaffected by primary exposure treatment, but was affected by genotype in experiment 1 (GLMM, *χ* ^2^ * *=* *25.21, *p *\<* *0.0001; RAL350: 88.4% survived, *n *=* *599, RAL367: 94.2%, *n *=* *583, RAL379: 95.6%, *n *=* *590, RAL765: 91.2%, *n *=* *580). There was no effect of genotype or primary exposure on survival in experiment 2. We chose the age of the flies and the timing between the primary exposure and the challenge based on Pham et al. ([2007](#jane12953-bib-0040){ref-type="ref"}).

2.4. Mating assay {#jane12953-sec-0006}
-----------------

To ensure that all females were mated once, we observed individual matings 6 days after primary exposure (Supporting Information Appendix [S1](#jane12953-sup-0009){ref-type="supplementary-material"}). Mated females were chosen at random for infections the following day (experiment 1: replicates 1--4: *n *=* *146--166 females per replicate, replicates 5 and 6: 168 females per replicate + 48 extra for qPCR per replicate, for a total of 959 animals for the resistance/tolerance analysis; experiment 2: replicates 1--3: *n *=* *252 females per replicate, for a total of 756 females).

2.5. Bacterial preparation and challenge injections {#jane12953-sec-0007}
---------------------------------------------------

Seven days after primary exposure, *L. lactis* and *P. entomophila* were prepared for infections with live bacteria ("challenge" injections) following Kutzer and Armitage ([2016b](#jane12953-bib-0025){ref-type="ref"}), with the modification that females were injected in the lateral left side of the thorax. Each female was injected with either 18.4 nl of Ringer\'s solution, live *L. lactis* (approximately 1,840 bacteria per fly) or live *P. entomophila* (approximately 92 bacteria per fly). This resulted in seven primary exposure‐challenge combinations (Figure [1](#jane12953-fig-0001){ref-type="fig"}a): Ringer\'s--Ringer\'s (R−R), Ringer\'s--live *L. lactis* (R−L), Ringer\'s--live *P. entomophila* (R−P), heat‐killed *L. lactis*--Ringer\'s (L−R), heat‐killed *P. entomophila*--Ringer\'s (P−R), heat‐killed *L. lactis*--live *L. lactis* (L−L) and heat‐killed *P. entomophila*--live *P. entomophila* (P−P). Females were returned to 25°C and 70% relative humidity after injection. We diluted the leftover injection bacterial aliquots to 1 × 10^3^ cells/ml and plated 50 μl of each onto LB plates, which should have yielded 50 CFUs. Bacterial counts from each aliquot ranged from 33 to 86 (experiment 1) and 26 to 78 (experiment 2) CFUs for *L. lactis* and 14 to 62 (experiment 1) and 21 to 43 (experiment 2) for *P. entomophila*. No bacteria grew in the Ringer\'s aliquots, and we found no evidence of contamination for any bacterial replicate.

2.6. Experiment 1 {#jane12953-sec-0008}
-----------------

### 2.6.1. Fecundity measure and fecundity tolerance {#jane12953-sec-0009}

For a graphical overview, see Figure [1](#jane12953-fig-0001){ref-type="fig"}b. Pre‐challenge fecundity was measured as the total number of adult offspring produced by females in the \~26 hrs between mating and challenge injections, and post‐challenge fecundity was measured as the total number of adult offspring produced by each female in the 24 hrs post‐challenge (hereafter termed one day post‐challenge, DPC). Once we had removed the females from their vials for either the bacterial load assay or gene expression assay (see below), the vials were kept at 25°C and 70% relative humidity, for 12 days to allow the offspring to complete their development. The vials were frozen to allow us to count adult offspring at a later date. Range tolerance (Little, Shuker, Colegrave, Day, & Graham, [2010](#jane12953-bib-0031){ref-type="ref"}) was assessed as the relationship (slope) between fly fecundity and individual‐level bacterial load (see below). Unlike point tolerance, range tolerance considers fecundity over a range of parasite loads, which result from naturally occurring variation in responses in our system because each animal received the same inoculation dose (Kutzer & Armitage, [2016a](#jane12953-bib-0024){ref-type="ref"}). A steeper negative slope indicates a greater fitness loss for an increase in pathogen load, that is lower tolerance.

### 2.6.2. Bacteria load assay one DPC {#jane12953-sec-0010}

Previous work demonstrated that bacteria load declines after 24 hrs so we reasoned that this is where we might see the greatest differences in the bacterial loads of previously exposed and control flies (Kutzer & Armitage, [2016b](#jane12953-bib-0025){ref-type="ref"}). We assayed bacterial load at one DPC by plating dilutions of whole fly homogenates onto LB agar plates to quantify host resistance (the inverse of bacterial load) according to Kutzer and Armitage ([2016b](#jane12953-bib-0025){ref-type="ref"}). Colony morphology and colour were consistent with the injected bacteria in all cases (e.g., see methods of Lazzaro, Sackton, & Clark, [2006](#jane12953-bib-0029){ref-type="ref"}).

### 2.6.3. RNA extraction and RT‐qPCR one DPC {#jane12953-sec-0011}

To test whether previous exposure affected the strength of the immune response post‐challenge, for treatments involving *L. lactis* and its controls, we took a candidate gene approach and assayed the expression of two antimicrobial peptides, *Drosomycin* (*Drs*) and *Metchnikowin* (*Mtk*), both of which are activated after infection with Gram‐positive bacteria (e.g., *Drs*: Leulier et al. [2000](#jane12953-bib-0504){ref-type="ref"}; *Mtk*: Levashina et al. [1995](#jane12953-bib-0505){ref-type="ref"}; Linder et al. [2008](#jane12953-bib-0506){ref-type="ref"}; Leulier et al. [2000](#jane12953-bib-0504){ref-type="ref"}). We also assayed the expression of a somatically diversified cell surface immune receptor, *Down syndrome cell adhesion molecule 1* (*Dscam1*) (Watson et al., [2005](#jane12953-bib-0060){ref-type="ref"}). A subset of flies from replicates 5 and 6 were individually placed into 1.5‐ml microcentrifuge tubes and frozen in liquid nitrogen and stored at −80°C for gene expression analyses, instead of being homogenized to assay bacterial load. We froze flies from all four genotypes and the following treatments: L−L, L−R, R−L, and R−R. RNA extraction, DNase treatment, reverse transcription and qPCRs were performed as described in Supporting Information Appendix [S1](#jane12953-sup-0009){ref-type="supplementary-material"}.

2.7. Experiment 2 {#jane12953-sec-0012}
-----------------

### 2.7.1. Survival and bacterial load assay 28 DPC {#jane12953-sec-0013}

For a graphical overview, see Figure [1](#jane12953-fig-0001){ref-type="fig"}c. After challenge, females were kept at 25°C and 70% relative humidity, and placed into fresh food vials every 7 days. Fly survival was censused daily until 28 DPC. We assayed bacterial load at 28 DPC using the same methods as described for one DPC, except that we also homogenized Ringer\'s‐challenged flies. Fly mortality meant that we could only assay a small subset of survivors for their bacterial load. The sample sizes for each of the treatments and genotypes were as follows, where the numbers in parentheses are the number of flies for the two genotypes (RAL379 and RAL765): L--L (9/5); L--R (11/11); P--P (1/10); P--R (11/11); R--L (10/5); R--P (1/9); R--R (11/11).

2.8. Statistical analyses {#jane12953-sec-0014}
-------------------------

Statistical analyses were performed in R version 3.3.3 (R Core Team, [2016](#jane12953-bib-0044){ref-type="ref"}). For all models, see Supporting Information Appendix [S1](#jane12953-sup-0009){ref-type="supplementary-material"}. We used experimental replicate and block nested within replicate as random effects (random intercept) and fly identity to control for overdispersion where necessary to control for variance among replicates or an unbalanced design due to missing flies. Figures were plotted with ggplot2 (Wickham, [2009](#jane12953-bib-0062){ref-type="ref"}) and Microsoft Excel.

3. RESULTS {#jane12953-sec-0015}
==========

3.1. Experiment 1: Survival and resistance one DPC {#jane12953-sec-0016}
--------------------------------------------------

Survival in the challenge controls one DPC was high and unaffected by genotype or previous pathogen exposure (Supporting Information Figure [S1](#jane12953-sup-0001){ref-type="supplementary-material"}A). Previous exposure to heat‐killed *L. lactis* had no effect on survival after challenge with *L. lactis* (Supporting Information Table [S2](#jane12953-sup-0007){ref-type="supplementary-material"}) but survival differed among genotypes in the *L. lactis*‐challenged groups (Supporting Information Table [S2](#jane12953-sup-0007){ref-type="supplementary-material"}; Figure [S1](#jane12953-sup-0001){ref-type="supplementary-material"}B). Previous exposure to heat‐killed *P. entomophila* also did not confer a survival advantage after a secondary challenge, but survival differed among genotypes (Supporting Information Table [S2](#jane12953-sup-0007){ref-type="supplementary-material"}; Figure [S1](#jane12953-sup-0001){ref-type="supplementary-material"}C). We observed no effect of previous exposure or genotype on resistance in flies that had been challenged with *L. lactis* (Table [1](#jane12953-tbl-0001){ref-type="table"}; Figure [2](#jane12953-fig-0002){ref-type="fig"}a). However, a primary injection with heat‐killed *P. entomophila* decreased resistance (increased bacteria load) after live challenge with *P. entomophila*, and resistance also differed among genotypes (Table [1](#jane12953-tbl-0001){ref-type="table"}; Figure [2](#jane12953-fig-0002){ref-type="fig"}b). There was no relationship between mean bacteria load for each of the bacteria (Supporting Information Figure [S2](#jane12953-sup-0002){ref-type="supplementary-material"}A).

###### 

The effect of genotype and primary exposure treatment on the response variable bacterial load one day post‐challenge (DPC)

  Tested effect        Model 2a: *L. lactis*   Model 2b: *P. entomophila*                                        
  -------------------- ----------------------- ---------------------------- -------- ------ ------- --- -------- --------------
  Genotype             1.65                    3                            239.26   0.18   19.39   3   187.02   \<**0.0001**
  Primary              0.05                    1                            240.67   0.83   10.87   1   184.78   **0.001**
  Genotype × Primary   2.29                    3                            239.37   0.08   0.51    3   187.52   0.68

L. lactis: Lactococcus lactis; P. entomophila: Pseudomonas entomophila. For model 2a, primary refers to injection with Ringer\'s or heat‐killed *L. lactis*, and for model 2b, it refers to Ringer\'s or heat‐killed *P. entomophila*.

Values in bold are statistically significant.
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![Bacteria load one day post‐challenge (DPC). Bacteria load on the *y*‐axis was quantified as the number of colony‐forming units (CFUs) per fly. The analyses were performed using *ln(x)*‐transformed data, but for ease of interpretation, we present untransformed values on a *log(x)* scale. The *x*‐axis shows fly genotypes and the primary exposure treatments, where R: Ringer\'s, L: *Lactococcus lactis* and P: *Pseudomonas entomophila*. (a) There was no effect of the primary exposure on *L. lactis* load post‐challenge. (b) Flies injected with heat‐killed *P. entomophila* had higher *P. entomophila* loads than the Ringer\'s‐injected flies. Coloured lines show median bacterial loads. For statistics, see Table [1](#jane12953-tbl-0001){ref-type="table"}](JANE-88-566-g002){#jane12953-fig-0002}

3.2. Experiment 1: Fecundity and fecundity tolerance one DPC {#jane12953-sec-0017}
------------------------------------------------------------

Post‐challenge fecundity differed among genotypes and was correlated with pre‐challenge fecundity (Supporting Information Table [S3](#jane12953-sup-0008){ref-type="supplementary-material"}). However, post‐challenge fecundity was unaffected by challenge or primary injection with either *L. lactis* or *P. entomophila* (Supporting Information Table [S3](#jane12953-sup-0008){ref-type="supplementary-material"}; Figure [S3](#jane12953-sup-0003){ref-type="supplementary-material"}A--C). Previous exposure did not affect fecundity tolerance towards *L. lactis* or *P. entomophila* (Table [2](#jane12953-tbl-0002){ref-type="table"}, lack of significant interactions between CFU × Priming; Supporting Information Figure [S4](#jane12953-sup-0004){ref-type="supplementary-material"}). However, genotypes differed in their tolerance towards *L. lactis* and *P. entomophila* challenge (significant interactions between CFU × Genotype in Table [2](#jane12953-tbl-0002){ref-type="table"}); for example, in response to both bacterial infections RAL765 showed a reduction in offspring production with an increase in bacterial load (negative tolerance slope), contrasting with RAL367, which had positive tolerance slopes (Figure [3](#jane12953-fig-0003){ref-type="fig"}). Fecundity was positively correlated across bacteria species (Supporting Information Figure [S2](#jane12953-sup-0002){ref-type="supplementary-material"}B), which might be expected given that bacterial infection did not affect fecundity in either case, but there was no significant relationship between fecundity and *L. lactis* load (Supporting Information Figure [S2](#jane12953-sup-0002){ref-type="supplementary-material"}C), or between tolerance towards the two pathogens (Supporting Information Figure [S2](#jane12953-sup-0002){ref-type="supplementary-material"}D).

###### 

The effects of bacteria load (CFU), genotype and primary exposure treatment (Ringer\'s or heat‐killed *Lactococcus lactis* for model 4a; Ringer\'s or heat‐killed *Pseudomonas entomophila* for model 4b) on the response variable fecundity tolerance one day post‐challenge (DPC)

  Tested effect              Model 4a: *L. lactis*   Model 4b: *P. entomophila*                               
  -------------------------- ----------------------- ---------------------------- -------------- -------- --- --------------
  CFU                        0.41                    1                            0.52           0.39     1   0.53
  Genotype                   41.54                   3                            \<**0.0001**   22.78    3   \<**0.0001**
  Primary                    0.07                    1                            0.78           0.0009   1   0.98
  CFU × Genotype             8.85                    3                            **0.03**       9.75     3   **0.02**
  CFU × Primary              0.26                    1                            0.61           2.88     1   0.09
  Genotype × Primary         2.73                    3                            0.43           1.11     3   0.77
  CFU × Genotype × Primary   3.33                    3                            0.34           4.71     3   0.19

Significant interactions between CFU and genotype indicate genetic variation in fecundity tolerance.

Values in bold are statistically significant.

John Wiley & Sons, Ltd

![Fecundity tolerance varies according to genotype one day post‐challenge (DPC). Tolerance reaction norms are plotted for each genotype infected with (a) *Lactococcus  lactis* and (b) *Pseudomonas  entomophila*. The natural log of bacterial load (CFU) is plotted against fecundity one DPC. Each data point represents bacterial load and fitness for one fly. For statistics, see Table [2](#jane12953-tbl-0002){ref-type="table"}](JANE-88-566-g003){#jane12953-fig-0003}

3.3. *Experiment 1: Gene expression in L. lactis*‐*injected flies one DPC* {#jane12953-sec-0018}
--------------------------------------------------------------------------

None of the genes varied their expression according to previous pathogen exposure, but all three genes were significantly up‐regulated in response to a live bacterial challenge and varied according to genotype (Table [3](#jane12953-tbl-0003){ref-type="table"}, Figure [4](#jane12953-fig-0004){ref-type="fig"}a--c). Challenge affected *Drosomycin* and *Metchnikowin* expression in a genotype‐dependent way (Table [3](#jane12953-tbl-0003){ref-type="table"}), where RAL350 had a stronger increase in expression after infection compared to the other three genotypes. *Dscam1* expression did not correlate with the expression of either *Drs* (*χ* ^2^ = 0.494, *df *=* *1, *p *=* *0.482; Figure [4](#jane12953-fig-0004){ref-type="fig"}d) or *Mtk* (*χ* ^2^ * *=* *0.646, *df *=* *1, *p *=* *0.422; Figure [4](#jane12953-fig-0004){ref-type="fig"}e), but there was a strong positive relationship between *Drs* and *Mtk* expression (*χ* ^2^ * *=* *1,097.3, *df *=* *1, *p *\<* *0.0001; Figure [4](#jane12953-fig-0004){ref-type="fig"}f). There were no significant correlations between mean or median gene expression and bacterial load (Supporting Information Figure [S5](#jane12953-sup-0005){ref-type="supplementary-material"}).

###### 

The effects of genotype, primary exposure treatment (R or L) and challenge (R or L) on the response variables *Dscam1*,*Drosomycin* and *Metchnikowin* gene expression one day post‐challenge (DPC)

  Tested effect                    Model 5a. *Dscam1*   Model 5b. *Drosomycin*   Model 5c. *Metchnikowin*                                                                                     
  -------------------------------- -------------------- ------------------------ -------------------------- ------------- --- ------- -------------- ------------- --- ------- -------------- -------------
  Genotype                         3                    71.54                    \<**0.0001**               **0.00015**   3   16.48   **0.0009**     **0.0009**    3   22.63   \<**0.0001**   **0.00015**
  Primary                          1                    0.0028                   0.96                                     1   0.99    0.32                         1   0.10    0.75           
  Challenge                        1                    5.51                     **0.019**                  **0.019**     1   95.78   \<**0.0001**   **0.00015**   1   99.72   \<**0.0001**   **0.00015**
  Genotype × Primary               3                    3.06                     0.38                       0.38          3   8.04    **0.045**      0.135         3   3.52    0.32           0.38
  Genotype × Challenge             3                    1.03                     0.79                       0.79          3   18.62   **0.0003**     **0.0009**    3   13.88   **0.003**      **0.0045**
  Primary × Challenge              1                    3.19                     0.074                                    1   2.13    0.14                         1   2.46    0.12           
  Genotype × Primary × Challenge   3                    1.21                     0.75                                     3   3.72    0.29                         3   0.56    0.90           

*p* ^BH^ indicates the *p*‐values after adjustment for multiple testing using the Benjamini--Hochberg correction. We only present the corrected values for terms that had a significant effect on at least one gene.

Values in bold are statistically significant.

John Wiley & Sons, Ltd

![Target gene expression relative to reference gene expression one day post‐challenge (DPC). R indicates Ringer\'s, and L indicates *Lactococcus lactis*. The left panel shows gene expression (fold expression values, 2^‐ΔCT^) according to challenge and genotype, and the right panel shows correlations between the expression level of different gene pairs. (a) *Dscam1*, where expression increased significantly upon challenge; (b) *Drosomycin* and (c) *Metchnikowin* where the interactions between genotype and challenge in both panels are statistically significant. Symbols and error bars indicate means with standard errors, where *n *=* *16‐24 per symbol. Reaction norms are plotted for each genotype. The legend at the bottom indicates the genotypes in panels a--c. For statistics, see Table [3](#jane12953-tbl-0003){ref-type="table"}. (d--f) Correlations between the expression of the three genes. Each data point is from one individual; the lines illustrate linear fits. For statistics, see [Results](#jane12953-sec-0015){ref-type="sec"} in text](JANE-88-566-g004){#jane12953-fig-0004}

3.4. Experiment 2: Survival and resistance 28 DPC {#jane12953-sec-0019}
-------------------------------------------------

Genotype was the only factor to significantly affect survival over the 28 days following challenge with *L. lactis* or *P. entomophila* (Figure [5](#jane12953-fig-0005){ref-type="fig"}; Table [4](#jane12953-tbl-0004){ref-type="table"}): RAL765 had lower survival when challenged with *L. lactis*, but a higher survival when challenged with *P. entomophila* relative to RAL379. There was no significant effect of primary exposure treatment on survival for either of the genotypes. The survival of Ringer\'s‐challenged flies was not affected by primary exposure treatment or genotype.

![Effect of primary exposure and genotype on survival to 28 day post‐challenge (DPC). Flies were challenged with (a) *Lactococcus  lactis* (*L*) (b) *Pseudomonas entomophila* (P) or (c) Ringer\'s (R). Genotype survival differed significantly when flies were infected with bacteria. Legends indicate the genotypes and treatments. Each line is the cumulative survival of between 52 and 54 individuals. For statistics, see Table [4](#jane12953-tbl-0004){ref-type="table"}](JANE-88-566-g005){#jane12953-fig-0005}

###### 

The effects of genotype and primary exposure treatment on the response variable survival 28 day post‐challenge (DPC)

  Tested effect        Model 6a Ringer\'s   Model 6b *L. lactis*   Model 6c *P. entomophila*                                        
  -------------------- -------------------- ---------------------- --------------------------- --- ------- ------------ --- ------- --------------
  Genotype             1                    3.19                   0.074                       1   8.42    **0.0037**   1   124.1   \<**0.0001**
  Primary              1                    0.81                   0.67                        1   0.059   0.81         1   0.60    0.44
  Genotype × Primary   1                    0.23                   0.90                        1   0.49    0.48         1   2.48    0.12

L. lactis: Lactococcus lactis; P. entomophila: Pseudomonas entomophila. For model 6a, previous exposure has three levels (L, P & R) and two levels for models 6b (L & R) and 6c (P & R).

Values in bold are statistically significant.

John Wiley & Sons, Ltd

*Lactococcus lactis* load 28 DPC (mean ± 1 *SE*: 4.3 × 10^5^ ± 3.3 × 10^5^) was on average one order of magnitude lower than one DPC (4.2 × 10^6^ ± 1.1 × 10^6^), yet still approximately 200 times higher than the challenge dose. *L. lactis* load was unaffected by previous exposure and/or genotype (Table [5](#jane12953-tbl-0005){ref-type="table"}, Figure [6](#jane12953-fig-0006){ref-type="fig"}). All flies that had been challenged with live *P. entomophila* had cleared the infection by 28 DPC (or the level was below the detection limit), although it is important to note that only two RAL379 flies survived the infection (Figure [6](#jane12953-fig-0006){ref-type="fig"}). No bacteria grew from homogenates of the Ringer\'s‐challenged flies.

###### 

The effect of genotype and primary exposure treatment (R or L) on the response variable *Lactococcus lactis* load 28 day post‐challenge (DPC) (model 7)

  Tested effect        *F*     *df*   Resid. *df*   *p*
  -------------------- ------- ------ ------------- -------
  Genotype             0.058   1      22.31         0.81
  Primary              0.061   1      24.46         0.81
  Genotype × Primary   3.22    1      23.92         0.085

John Wiley & Sons, Ltd

![Bacteria load one and 28 day post‐challenge (DPC). (a) *Lactococcus lactis* and (b) *Pseudomonas entomophila* load quantified as the number of colony‐forming units (CFUs) per individual fly. The analyses were performed using ln(*x*)‐transformed data, but for ease of interpretation, we here present untransformed values on a log(*x*) scale. Sample sizes are given across the tops of the figures. In experiment 1, flies were homogenized at one DPC, and in experiment 2 at 28 DPC. Each dot shows the load for one fly, and the coloured lines indicate medians. For statistics, see Table [5](#jane12953-tbl-0005){ref-type="table"}](JANE-88-566-g006){#jane12953-fig-0006}

4. DISCUSSION {#jane12953-sec-0020}
=============

Our goal was to provide a multi‐angled perspective on acute and chronic effects of previous pathogen exposure on resistance and tolerance. Contrary to our expectations, individuals previously exposed to *P. entomophila* tended to have higher bacterial loads than previously non‐exposed individuals regardless of genotype, suggesting that a primary injection with *P. entomophila* may later be costly. Fecundity tolerance was not affected by previous pathogen experience, but varied by genotype in response to challenge with both pathogens. Antimicrobial peptide gene expression also varied according to host genotype and challenge. Long‐term survival was solely genotype‐dependent. Each genotype\'s survival trajectory diverged after bacterial infection. Furthermore, the more pathogenic bacterium, *P. entomophila*, was cleared by the surviving individuals, or was below the detection limit, whereas *L. lactis* persisted until at least 4 weeks post‐challenge despite a clear cost of infection.

4.1. Previous pathogen exposure can decrease infection resistance {#jane12953-sec-0021}
-----------------------------------------------------------------

Previous pathogen exposure is predicted to confer resistance to the same pathogen. The previous immune priming studies that quantified pathogen load found that priming enhanced host resistance (Contreras‐Garduño et al., [2014](#jane12953-bib-0502){ref-type="ref"}; Pham et al., [2007](#jane12953-bib-0040){ref-type="ref"}; Rodrigues et al., [2010](#jane12953-bib-0049){ref-type="ref"}; Sadd & Schmid‐Hempel, [2006](#jane12953-bib-0052){ref-type="ref"}). Surprisingly, previous exposure to *P. entomophila* produced the opposite effect to what we had expected in that it decreased acute‐phase resistance, which suggests that primary exposure came at a cost to resistance. The decrease in resistance was consistent across the four genotypes, although noticeably stronger for RAL765. A study on *T. castaneum* larvae primed against *Bacillus thuringiensis* showed that at 6 hrs post‐challenge primed beetles had lower bacterial loads compared to controls, but at 8 and 12 hrs post‐challenge, this pattern was reversed (Tate & Graham, [2017](#jane12953-bib-0057){ref-type="ref"}). Although *T. castaneum* were primed trans‐generationally rather than within generation, it shows that in theory priming can result in a transient increase in pathogen load in surviving primed animals (Tate & Graham, [2017](#jane12953-bib-0057){ref-type="ref"}).

4.2. Post‐challenge fecundity is genetically variable but is not influenced by primary exposure or challenge {#jane12953-sec-0022}
------------------------------------------------------------------------------------------------------------

Immune defences are costly and are assumed to be traded off against other life‐history traits such as reproduction. Likewise, immune priming could be costly, so that greater protection may come with greater costs to host fecundity. Despite these theoretical predictions, we observed no effect of previous exposure or challenge on fecundity; instead, it varied with genotype regardless of previous exposure or challenge. At least one empirical study has examined the costs of within‐generation immune priming (Contreras‐Garduño et al., [2014](#jane12953-bib-0502){ref-type="ref"}). Although there was no difference in the number of eggs that *Plasmodium berghei‐*primed and *Plasmodium berghei*‐non‐primed mosquitoes laid, eggs from primed females had lower hatching rates, indicating a reproductive cost to previous pathogen exposure (Contreras‐Garduño et al., [2014](#jane12953-bib-0502){ref-type="ref"}).

4.3. Fecundity tolerance is genotype‐dependent {#jane12953-sec-0023}
----------------------------------------------

We had reasoned that improved resistance in the individuals previously exposed to bacteria could come at a cost to tolerance if immune priming was mediated by a host resistance strategy. However, since we did not find evidence of improved resistance in the groups previously exposed to *L. lactis* or *P. entomophila*, and host fecundity remained relatively stable across treatment groups, we predicted a positive effect of primary exposure on tolerance, that is evidence for tolerance‐mediated immune priming (e.g., Tate, [2017](#jane12953-bib-0056){ref-type="ref"}) as recently observed for survival tolerance after oral priming and septic challenge with *Drosophila* C virus (Mondotte et al., [2018](#jane12953-bib-0035){ref-type="ref"}). However, we observed no such effect (Supporting Information Figure [S4](#jane12953-sup-0004){ref-type="supplementary-material"}); rather, tolerance was determined by genotype, indicated by the significant interaction between bacterial load and genotype in response to infection with both bacteria species, and was likely driven by RAL765. The directionality of the tolerance reaction norms might be an indicator of genotype‐dependent expression of terminal investment: whereas RAL765 showed negative tolerance slopes, which suggests that the infection is costly with respect to fecundity, the other three genotypes showed more neutral or positive slopes, which might indicate terminal investment in reproduction. Genetic variation for tolerance is well established in animal systems (e.g., Blanchet, Rey, & Loot, [2010](#jane12953-bib-0007){ref-type="ref"}; Graham et al., [2011](#jane12953-bib-0016){ref-type="ref"}; Howick & Lazzaro, [2014](#jane12953-bib-0018){ref-type="ref"}; Parker, Garcia, & Gerardo, [2014](#jane12953-bib-0038){ref-type="ref"}; Råberg et al., [2007](#jane12953-bib-0046){ref-type="ref"}; Sternberg, Li, Wang, Gowler, & de Roode, [2013](#jane12953-bib-0055){ref-type="ref"}), but this is the first time that we have observed such variation for range tolerance in our infection system. This could be due to larger sample sizes than in a previous experiment, the fact that each genotype was selected specifically because they appeared to differ in disease tolerance and resistance, or other experimental design differences (Kutzer et al., [2018a](#jane12953-bib-0026){ref-type="ref"}).

4.4. Gene expression {#jane12953-sec-0024}
--------------------

In the snail *Biomphalaria glabrata*, antimicrobial peptides were significantly up‐regulated after priming and challenge with *Schistosoma* flatworms (Pinaud et al., [2016](#jane12953-bib-0041){ref-type="ref"}). Therefore, to test the hypothesis that the second stimulus (challenge) results in a stronger immune response when individuals have been previously exposed (Milutinović & Kurtz, [2016](#jane12953-bib-0034){ref-type="ref"}; Pradeu & Du Pasquier, [2018](#jane12953-bib-0043){ref-type="ref"}), we tested the strength of expression of two antimicrobial peptide genes. Contrary to our expectation, there was no primary exposure by challenge interaction, which would have indicated an increase in the strength of gene expression in those flies that had been previously exposed. Our results are consistent with those of Pham et al. ([2007](#jane12953-bib-0040){ref-type="ref"}), who found that none of the three measured AMPs (*defensin, attacin* and *diptericin*) showed increased expression after priming and challenge with *Streptococcus pneumoniae*. There was a general increase in *Drs* and *Mtk* gene expression after infection with live *L. lactis*, where the degree to which it was up‐regulated depended upon the fly genotype. Interestingly, across genotypes, *Dscam1* showed a small but significant increase in gene expression after *L. lactis* challenge compared to a Ringer\'s challenge, a result that we did not observe after infecting *D. melanogaster* or *T. castaneum* with other bacterial species (Armitage et al., [2014](#jane12953-bib-0001){ref-type="ref"}; Peuß et al., [2016](#jane12953-bib-0039){ref-type="ref"}).

*Drs* expression was a good predictor of *Mtk* expression at the level of the individual, which would be predicted given that both genes are activated by the Toll pathway and induced by the same regulatory factor, deformed epidermal autoregulatory factor‐1 (DEAF‐1; Reed et al., [2008](#jane12953-bib-0507){ref-type="ref"}). The degree to which the immune system was activated seems to be independent of the bacterial load at 24 hrs (Supporting Information Figure [S5](#jane12953-sup-0005){ref-type="supplementary-material"}); this is consistent with Duneau et al. ([2017](#jane12953-bib-0012){ref-type="ref"}) who found no correlation between *Diptericin* expression and *Providencia rettgeri* load in *D. melanogaster* 8 hrs after infection.

4.5. Host genotype determines longer‐term survival after infection {#jane12953-sec-0025}
------------------------------------------------------------------

We observed no effect of previous exposure on survival after challenge with either bacterial species, which suggests that the higher *P. entomophila* load at one DPC does not reflect either lower or higher survival in the longer term. Survival was determined by genotype, but not by the combination of genotype and primary exposure treatments: we had predicted the latter based on previous observations (Khan et al., [2016](#jane12953-bib-0021){ref-type="ref"}; Portela et al., [2013](#jane12953-bib-0042){ref-type="ref"}). The two fly genotypes showed different survival patterns after challenge with the two bacterial species: while *P. entomophila* induced almost 100% mortality in RAL379 5 days after challenge, \<20% of RAL765 flies died in the same period. When one considers this in the light of our tolerance results, it appears that RAL765 invests more in survival at the cost of acute‐phase fecundity tolerance. This trend reversed after infection with *L. lactis*, whereby RAL765 had a higher mortality than RAL379. Of relevance here and above, cuticular piercing alone can lead to an increase in immune gene expression (e.g., Peuß et al., [2016](#jane12953-bib-0039){ref-type="ref"}), and we note that in the absence of a completely naïve treatment, we do not know the extent to which the piercing itself may have elicited a general elevation of the immune system and hence a general priming response.

4.6. In surviving flies, *L. lactis* forms a persistent infection but *P. entomophila* is cleared {#jane12953-sec-0026}
-------------------------------------------------------------------------------------------------

*L. lactis* formed persistent chronic infections in survivors. Only one of 29 flies cleared the infection. Similarly, *D. melanogaster* infected with *P. rettgeri* had stable bacterial loads in the region of a few thousand bacteria until at least 10 days after infection, which Duneau et al. ([2017](#jane12953-bib-0012){ref-type="ref"}) termed the set point bacterial load (SPBL). Our data extend the estimate for the duration of persistent bacterial infections to 28 days in *D. melanogaster,* and we suggest that we found evidence of a SPBL, given that the median bacterial load at one DPC was in the range of that found 28 days later. Previous exposure did not affect the bacterial load 28 DPC, but given the low number of survivors from which we could assay bacterial load, we may not have had the power to detect such an effect. *P. entomophila* was cleared from the haemocoel of surviving flies with the caveat that there were two RAL379 survivors. Duneau et al. ([2017](#jane12953-bib-0012){ref-type="ref"}) observed that individuals infected with more benign bacterial species sometimes cleared the infection but in our case the survivors cleared the more pathogenic bacteria (note the different infection doses that we used for challenge with the two bacteria). We suggest that there may have been selection for qualitative resistance to *P. entomophila*, that is, on the survivors of these host genotypes to clear the infection.

5. CONCLUSIONS {#jane12953-sec-0027}
==============

Here we took a multi‐faceted approach to understand the role of phenotypic plasticity in insect immune defences, specifically whether fecundity, fecundity tolerance, and short‐ and longer‐term resistance and survival are affected by previous pathogen exposure. The phenotypic responses were, to some degree, dependent on host genotype, and the phenotypic responses to the two bacteria species contrasted in a number of ways, raising the question of why some bacteria persist but others do not. Our results illustrate the intricacies of immune defence phenotypes in an insect species.
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